Corneal and limbal epithelial function is highly dependent on its underlying matrix. In this study, we report the in vitro and in vivo effects of a decellularized limbal matrix on corneal and limbal epithelial differentiation and repair. We demonstrate that a limbal matrix helps to maintain epithelial cells in a more proliferative and less differentiated state. We introduce a novel focal injury model to the limbus using an excimer laser and further show that transplanting a decellularized limbal graft after the limbal injury helps to promote epithelialization and reduce corneal haze formation. These results suggest that a decellularized limbal graft may be therapeutically beneficial in clinical cases of focal limbal deficiency.
Introduction
The corneal epithelium forms a barrier that is critical to the integrity and clarity of the cornea. The absence of the epithelium or a compromise in its function renders the cornea susceptible to infections, secondary loss of optical clarity, and ultimately loss of vision. The corneal epithelium is maintained by a reservoir of stem and progenitor cells that are located in the limbal region-the junction between the cornea and the sclera [1] [2] [3] [4] . Damage to the limbus can lead to the loss of the stem cells which in turn leads to conjunctival epithelial growth over the cornea-a condition known as limbal stem cell deficiency [5, 6] .
A number of tissue engineering approaches for the reconstruction of the corneal and limbal epithelium have been investigated [7] [8] [9] [10] [11] [12] . In most clinical applications, limbal epithelial cells are expanded in vitro and then transplanted to the diseased corneal surface [13, 14] . Various substrates for culturing corneal epithelial cells have been reported [15] [16] [17] . Currently human amniotic membrane is the most common substrate and carrier for ex vivo cultured human corneal epithelial cells [18, 19] . Previously, we reported the use of a decellularized cornea as a matrix for expanding corneal cells in vitro [20] . We demonstrated that decellularized human corneas provide a scaffold that can support the growth of corneal epithelial cells and stromal fibroblasts.
In this study, we extend our previous experiments by first showing that cells grown over a decellularized limbal matrix maintain a more limbal phenotype when compared to cells cultured over the central cornea. Next, we use a novel laser based limbal injury model to show that decellularized limbal grafts promote epithelial cell regrowth in vivo and reduce corneal scarring and neovascularization.
Materials and Methods

Cell Culture.
Human corneal epithelial cultures were initiated from fresh cadaver corneas kindly provided by the Illinois Eye Bank [21] . Briefly, the corneas were rinsed in phosphate buffered saline (PBS) and then incubated in 2 mg/mL of Dispase II (Invitrogen) in PBS for 1 h at 37 ∘ C. The epithelial sheets were peeled off and digested in 0.25% trypsin-EDTA at 37 ∘ C for 30 min. Cells were washed and then resuspended in keratinocyte serum-free medium (KSFM; Invitrogen), DMEM plus Ham's F12, and fibroblast conditioned media in a ratio of 1 : 1 : 1. The cells were then plated on the basement membrane side of the decellularized cornea at a density of 1 × 10 6 cells/cornea.
Fibroblast Conditioned Media (CM).
After isolating epithelial cells (as described above), the remaining stroma was cut into 1 × 1 mm pieces and incubated in 0.1% 2 International Journal of Tissue Engineering collagenase (Sigma) in DMEM at 37 ∘ C for 1.5 h on a shaker. The isolated keratocytes were expanded and differentiated into fibroblasts by culturing in DMEM supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 mg/mL streptomycin. After 1-2 passages, when the cells had reached at least 80%-90% confluence, the media were changed to DMEM without serum. Twenty-four hours later the media were collected and used immediately. This fibroblasts conditioned media (CM) was mixed in keratinocyte serum-free medium (KSFM; Invitrogen), plus DMEM + Ham's F12 in equal ratio.
Decellularization of Human Cornea.
Corneas were subjected to a stepwise treatment with nonsurfactant treatment involving incubation in 1.5 M sodium chloride (NaCl) solution for 48 h with NaCl change after 24 h in the first step. In the second step, corneas were treated with DNAse 5 U/mL and RNAse 5 U/mL (Sigma-Aldrich) for 48 h. Corneas were then washed with PBS for 72 h with PBS changed every 24 h. The decellularization procedure was carried out at room temperature under continuous agitation.
Laser Induced Limbal Injury Model.
A novel laser ablation technique was used to create reproducible focal injuries to the limbal epithelium in vivo. This technique was developed to have precise control over the size and depth of destroyed epithelium and underlying stroma. This was done using a Nidek EC-5000 excimer laser system in adult Lewis rats. The rats were placed under anesthesia using an injection of ketamine hydrochloride (100 mg/kg IP) and xylazine (5 mg/kg IP) hydrochloride intraperitoneally. For local anesthesia, one drop of proparacaine hydrochloride 0.5% was applied to the eye. A 1.5 mm spot size was used to ablate a limbal area of 5.0 × 1.5 mm 2 in size and 100 m in depth.
As a comparison to the laser ablation model, alkali injury and mechanical epithelium debridement injury models were also studied in a mouse's eyes (data not shown). Mechanical debridement was performed using a 23 G needle to remove the epithelium in a focal area. Alkali injury was done using sodium hydroxide (NaOH) with concentrations ranging from 0.25 M to 1 M applied to the eye for 30 seconds.
Transplantation of a Decellularized Limbal Graft in a Rat
Eye. Lamellar transplantation of decellularized limbal grafts was performed on rat eyes following laser injury ( Figure 1 ). The process of preparing the graft for transplantation involved a lamellar dissection to separate the anterior half of the limbus and discarding the posterior stroma, Descemet's membrane, and the endothelial cells. This decellularized limbal graft was secured to the lasered area of the rat eye using interrupted 10-0 nylon sutures. Immediately after the procedure, antibiotic ointment (Bacitracin) was applied to the eye. The antibiotics were given once a day for 7 days. In control rats, only laser injuries were performed without transplantation of a graft. After one week, the rats were euthanized and the eyes were enucleated and subjected to immunohistologic evaluation.
2.6. Slit-Lamp Imaging. The clinical status of the ocular surface in rats was assessed on days 0, 3, and 7 after transplantation. Using a slit-lamp microscope, the degree of opacity, inflammation, and neovascularization was monitored. Epithelialization was assessed by fluorescein staining of the cornea.
Immunohistologic Evaluation.
The corneas were embedded in OCT then cut into 10 m sections. The tissue sections were briefly fixed in 4% paraformaldehyde for 20 min followed by permeabilization in 0.3% Triton-X in tris buffered saline (TBS) for 10 min at room temperature. The sections were blocked with 10% donkey serum with 1% bovine serum albumin (BSA) in TBS for 1 h at room temperature. The primary antibodies used were mouse anti-p63 (1 : 100, Santa Cruz Biotechnology), rabbit anti-Ki67 (1 : 50 Epitomics) or goat anti-keratin 12 antibody (1 : 50, Santa Cruz). The primary antibodies were incubated either overnight at 4 ∘ C or for 2 h at room temperature.
A fluorescein isothiocyanate (FITC) conjugated donkey anti-rabbit or anti-mouse or rhodamine conjugated donkey anti-goat (all 1 : 300-400, Jackson ImmunoResearch) was applied for 1 h at room temperature in the dark. For negative control, the primary antibody incubation step was omitted or instead an isotype control was used. Slides were coverslipped with mounting medium with or without DAPI and images were visualized using a Zeiss Axiovert fluorescence microscope and photographed with an AxioCam (Carl Zeiss, Thornwood, NY) camera. 
Results
In Vitro Evaluation of Epithelial Cells on Decellularized
Cornea and Limbus. In a previous study, we showed that our decellularization method maintained the integrity of the extracellular matrix and basement membrane in the limbal area [20] . In this study, we evaluated the cellular phenotype of the epithelial cells cultured over the limbal and central corneal. The epithelial cells grown on the decellularized limbus presented with a higher degree of proliferation compared to those in the central cornea ( Figure 2 ). Likewise, a higher percentage of cells expressed the limbal stem cell marker DeltaNp63 in the limbal versus central matrix. The results of this experiment show that the decellularized limbal matrix helps support a limbal (i.e., less differentiated and more proliferative) phenotype in the epithelial cells.
Excimer Laser Focal Limbal Injury Model.
We initially tested mechanical and chemical (alkali) measures to create focal limbal injuries. Mechanical debridement was found to only remove the epithelium with minimal injury to the underlying stroma. On the other hand, alkali injury resulted in extensive damage to the surrounding tissue leading to significant inflammation and corneal opacification (data not shown). The extent of limbal injury was highly variable with the alkali injury. The excimer laser, however, created consistent and reproducible levels of epithelial and stromal damage. Upon examination with slit-lamp microscope, a positive fluorescein staining in cornea after laser injury confirmed the absence of the epithelium. Also, upon gross inspection, the laser epithelium removal did not induce excessive inflammation in the cornea (Figure 3 ). The laser injury method was chosen to study the decellularized limbal grafts.
In Vivo Evaluation of Decellularized Limbal Grafts after
Focal Limbal Injury. We studied the in vivo effects of decellularized limbal tissue in the rat eye following laser ablation of the limbus. The eyes were followed for a period of one week (Figure 3 ). While both grafted and nongrafted control eyes completely epithelialized within 3 days, the eyes that received grafts healed faster with minimal fluorescein staining and stromal haze. In contrast, the eyes without a graft demonstrated late staining with fluorescein (indicating a compromised epithelial barrier) and greater stromal haze (Figure 4 ). In addition, the non-grafted eyes demonstrated greater degree of peripheral neovascularization compared to the eyes that received a decellularized limbal graft ( Figure 5 ). The eyes were removed and sectioned for histological analysis. The grafts were found to have stratified epithelium growing on top with the presence of inflammatory cells in the stroma. Epithelial cells growing on the graft displayed positive staining for keratin 12, a marker for corneal epithelial differentiation (Figure 4) .
A total of 8 grafts were performed. In successful grafts, we observed epithelialization of the graft in one week. But in the earlier cases, where thicker grafts had been used, we observed ingrowth of host corneal epithelial cells into the host-graft junction. The host cornea became opaque and neovascularization occurred, resulting in separation and extrusion of the graft.
Discussion
In this study, we have first shown that a decellularized limbal matrix can maintain a more limbal phenotype in vitro. Specifically, the corneal epithelial cells grown on the decellularized limbus had higher expression of the proliferation maker Ki67 and stem cell marker DeltaNp63 compared to those in the central cornea. These results highlight the critical role of the basement membrane in maintaining the limbal stem cell/progenitor cells. Previous studies have similarly demonstrated the importance of the limbal microenvironment in the limbal stem cell function [22] .
We then proceeded with in vivo experiments to test the effect of decellularized limbal constructs. We devised a novel laser ablation method to create well defined and reproducible limbal injuries. Chemical injuries have traditionally been used to create limbal injuries and limbal stem cell deficiency [23, 24] . However, in our model we wanted to specifically create only focal injury and NaOH was found to cause excessive and variable degrees of stromal destruction. The main advantage of using the excimer laser is the opportunity to control the ablation depth to remove the epithelium and the immediate underlying matrix. The excimer laser has been in use for over two decades in refractive surgery. The Nidek EC-5000 laser system used in this study uses a 193 nm wavelength laser to efficiently remove corneal layers while limiting collateral thermal damage to the surrounding tissues [25] . The components of the corneal stroma, such as proteins, glycosaminoglycans, and nucleic acids, absorb energy of this wavelength and prevent any secondary mechanical shock-waves from transmitting through the eye, thus reducing any unwanted damage [26] . Our study is the first to use excimer to create an experimental model of limbal injury. It will be interesting to further investigate this limbal stem cell deficiency model with various degrees of limbal injury
Our in vivo results showed that the limbal extracellular matrix has a therapeutic effect on healing the epithelium and corneal surface. It was evident that as early as 7 days, the corneal surface damaged by laser ablation had healed better and appeared clearer with very little haze and neovascularization compared to the control nongrafted eyes. The grafts were covered by epithelium demonstrating a corneal phenotype. Figure 5 : Statistical analysis of grafted and control cornea regarding degree of neovascularization, stromal haze and epithelialization defects. Fluorescein staining is used for quantifying epithelial defect. The differences between the control (laser only) and the grafted cornea were not statistically different. The following scoring system is used for quantification. Scoring: "0" is none (transparent, clear cornea), "1" is mild (minimal loss of transparency, mainly the epithelium is damaged), "2" is moderate (cloudy appearance, involves epithelium and part of the stroma), "3" is severe (opaque cornea), and "4" is total (opaque, involvement of entire thickness of the cornea).
At one week the grafts did not show any infiltration of fibroblasts into the transplanted graft. The keratocytes in the cornea are normally in a quiescent state which suggests that a longer time must be required to see any cell growth into the graft. It has been shown that any surgical incision or mechanical stress on the cornea that damages the tissue causes the keratocytes within 200-300 m of the cut to undergo apoptosis within a few hours after the surgery [27] . This creates a region of tissue devoid of cells surrounding the site of injury. A study on decellularized porcine corneal grafts observed a period of 4 weeks after grafting before infiltration of rabbit keratocytes [28] . Therefore, a longer study period is required to observe the migration of fibroblasts into the graft.
In summary, we have reported early in vivo data that a decellularized limbal graft can promote epithelial healing and restoration of the corneal epithelium. This opens the possibility of using decellularization grafts in corneal and limbal tissue engineering.
